Towards modelling flood protection investment as a coupled human and natural system by O'Donnell G
 Newcastle University ePrints 
 
O'Connell PE, O'Donnell G. Towards modelling flood protection investment 
as a coupled human and natural system. Hydrology and Earth System 
Sciences 2014, 18(1), 155-171. 
Copyright: 
© Author(s) 2014. This work is distributed under the Creative Commons Attribution 3.0 License.  
DOI link to article:  
http://dx.doi.org/10.5194/hess-18-155-2014 
Date deposited:   22-08-2014 
 
 
 
 
This work is licensed under a Creative Commons Attribution 3.0 Unported License 
 
 ePrints – Newcastle University ePrints 
http://eprint.ncl.ac.uk 
 
Hydrol. Earth Syst. Sci., 18, 155–171, 2014
www.hydrol-earth-syst-sci.net/18/155/2014/
doi:10.5194/hess-18-155-2014
© Author(s) 2014. CC Attribution 3.0 License.
Hydrology and 
Earth System
Sciences
O
pen A
ccess
Towards modelling flood protection investment
as a coupled human and natural system
P. E. O’Connell and G. O’Donnell
Water Resource Systems Research Laboratory, School of Civil Engineering and Geosciences,
Newcastle University, Newcastle upon Tyne, UK
Correspondence to: P. E. O’Connell (enda.oconnell@ncl.ac.uk)
Received: 3 June 2013 – Published in Hydrol. Earth Syst. Sci. Discuss.: 27 June 2013
Revised: 9 November 2013 – Accepted: 17 November 2013 – Published: 14 January 2014
Abstract. Due to a number of recent high-profile flood
events and the apparent threat from global warming, govern-
ments and their agencies are under pressure to make proac-
tive investments to protect people living in floodplains. How-
ever, adopting a proactive approach as a universal strategy
is not affordable. It has been argued that delaying expen-
sive and essentially irreversible capital decisions could be a
prudent strategy in situations with high future uncertainty.
This paper firstly uses Monte Carlo simulation to explore the
performance of proactive and reactive investment strategies
using a rational cost–benefit approach in a natural system
with varying levels of persistence/interannual variability in
annual maximum floods. It is found that, as persistence in-
creases, there is a change in investment strategy optimality
from proactive to reactive. This could have implications for
investment strategies under the increasingly variable climate
that is expected with global warming.
As part of the emerging holistic approaches to flood risk
management, there is increasing emphasis on stakeholder
participation in determining where and when flood protec-
tion investments are made, and so flood risk management
is becoming more people-centred. As a consequence, mul-
tiple actors are involved in the decision-making process, and
the social sciences are assuming an increasingly important
role in flood risk management. There is a need for mod-
elling approaches which can couple the natural and human
system elements. It is proposed that coupled human and nat-
ural system (CHANS) modelling could play an important
role in understanding the motivations, actions and influence
of citizens and institutions and how these impact on the ef-
fective delivery of flood protection investment. A framework
for using agent-based modelling of human activities leading
to flood investments is outlined, and some of the challenges
associated with implementation are discussed.
1 Introduction
Due to the perceived threat from climate change, prediction
under changing climatic and hydrological conditions has be-
come a dominant theme of hydrological research. Much of
this research has been climate-model-centric, in which gen-
eral circulation model/regional climate model (GCM/RCM)
climate projections have been used to drive hydrological sys-
tem models to provide predictions of impacts that should in-
form adaptation decision-making. However, adaptation fun-
damentally involves how humans may respond to increasing
flood and drought hazards by changing their strategies, ac-
tivities and behaviours, which are coupled in complex ways
to the natural systems within which they live and work. Hu-
mans are major agents of change in hydrological systems,
and representing human activities and behaviours in coupled
human and natural hydrological system models is needed to
gain insight into the complex interactions that take place, and
to inform adaptation decision-making.
Due to the apparent threat from global warming, gov-
ernments and their agencies are under pressure to make
proactive investments to protect people living in floodplains
from the perceived increasing flood hazard. However, adopt-
ing this as a universal strategy everywhere is not afford-
able, particularly in times of economic stringency, and also
since widespread solid evidence of increasing flood hazard
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induced by global warming has yet to emerge (IPCC, 2012).
Matalas (1997) has suggested that, in a water resources con-
text, the strategy of “wait and see” – i.e. delaying the mak-
ing of important, expensive and essentially irreversible cap-
ital investments – could serve water managers well in cop-
ing with the uncertainties regarding climate change. Invest-
ment in flood protection infrastructure has frequently been
reactive. During “flood-poor” periods when no major floods
occur, encroachment on floodplains and the value of assets
grow, while levels of flood protection investment decline;
conversely, during “flood-rich” periods when major floods
occur, leading to major damage and possibly loss of life,
there is public outrage and investment grows, i.e. is reactive.
The process that determines when and where investments
take place increasingly involves interactions between a range
of stakeholders, from those making government policy to in-
dividual floodplain dwellers. There is increasing evidence,
particularly in the wake of major floods, that pressures can
be exerted by stakeholder groups that have been affected, or
might be affected in the future, by flooding, resulting in in-
vestments which are driven by such pressures and not by the
traditional “rational” norms of cost–benefit analysis or utility
theory.
The hydrological research literature on flooding has his-
torically been dominated by the engineering hydrology ap-
proaches that underpin the design of flood protection works.
As the impacts of floods on society have grown, the narrow
flood protection approach has evolved into broader flood risk
management (FRM) approaches that consider the economic,
social and environmental dimensions of sustainability, and a
portfolio of both structural and non-structural measures for
addressing flood risk. The non-structural measures typically
focus on the need for more structured approaches to land
use management/development in floodplain areas, better in-
stitutional functioning, better flood warning and emergency
service operation, and the development of flood resilience
(McEwen and Jones, 2012; McEwen et al., 2012a). The so-
cial science literature on the complex socio-economic dimen-
sions of flooding has therefore grown, and encompasses in-
stitutional analysis, the social impacts of flooding and how
to address them, the evolution of flood protection invest-
ment policies, and reactive institutional responses to major
flood events. While there is evidence of increasing engage-
ment between engineers and social scientists in developing
interdisciplinary approaches to flood risk management, it is
still the case that there is something of a “paradigm lock”
between the quantitative modelling approaches of flood hy-
drology and the more qualitative approaches that characterise
the social sciences. Sivapalan et al. (2012) have proposed de-
veloping the new paradigm of socio-hydrology as a means
of incorporating the social dimension into hydrological re-
search. As a contribution to socio-hydrology, Di Baldassarre
et al. (2013b) have recently proposed a conceptual frame-
work to describe the interactions and feedback mechanisms
between hydrological and social processes in settled flood-
plains.
In dealing with the problem of how to model adaptation
investment strategies, there is the key issue of how to repre-
sent the possible ways in which human activities at various
levels, ranging from policy-making/decision-making on in-
vestments to the tactics of individual floodplain dwellers in
seeking to gain better protection, might be modelled. Agent-
based modelling (ABM) offers interesting possibilities in this
regard, and these are explored in this paper.
The overall aim of this paper is to explore how a coupled
human and natural system (CHANS) modelling approach to
determining flood investment strategies might be formulated
and developed. Two specific aspects are investigated:
1. The performance of proactive and reactive investment
strategies is explored, in terms and costs and economic
damage over a design life, using rational cost–benefit
analysis in the first instance, and a Monte Carlo ap-
proach to modelling floods with high levels of persis-
tence/interannual variability in the natural system, to
mimic flood-rich and flood-poor periods
2. The way in which multiple stakeholders interact to
influence/determine flood investment decisions is re-
viewed, and we explore how the human system com-
ponent of a CHANS modelling approach to flood pro-
tection investment might be represented. In particular,
we focus on how agent-based modelling might be used
to represent the various stakeholders that are involved
in, or influence, flood protection investment, and the
interactions that take place between them, in determin-
ing when and where in a region flood investments take
place.
2 Institutional responses to changing flood risk
The inexorable rise in flood damage across Europe and be-
yond (Munich Re, 2008; Barredo, 2009) that has resulted
from a series of major floods (e.g. the Oder, 1997; the
Yangtze, 1998; the Elbe, 2002; the Rhone, 2003; the Danube,
2006; central Europe, June 2013; and in the UK, 2000, 2007
and 2009) has led to major policy reviews by many countries
on how to deal with increasing flood risk. This is attributable
both to the growth in vulnerability of people and their prop-
erty, priority and economic activities in floodplains, and to
the possible increase in flood hazard from global warming.
This reappraisal has also been driven by the EU Floods Di-
rective (Directive 2007/60/EC), which requires that flood risk
management plans must be prepared and published by mem-
ber states, and that stakeholder engagement should be an in-
tegral part of this process. The need for those stakeholders
affected by, or at risk from, floods to be involved has also
been driven by public outrage following major floods; stake-
holders have attitudes and aspirations, and voices that need
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to be heard when decisions are being taken by the responsi-
ble agencies that affect them. The media also play a role in
post-flood inquests, and ramp up the pressure on politicians
and government agencies for changes in policy, increased in-
vestment in flood protection, and implementation action. It is
frequently the case that policy changes are crisis-driven, and
that catalytic change results only as a consequence of major
flood crises (Penning-Rowsell et al., 2006).
Following a series of damaging floods in the UK in the
1990s and the year 2000, the government recognised that the
traditional approach of providing protection to all those at
risk was not economically viable. The UK Office of Science
and Technology (OST) Future Flooding project (Evans et al.,
2004a, b) developed the thinking for a new, more holistic ap-
proach to managing flood risk, which has now been taken
on board in formulating the new government strategy for
managing flood and coastal erosion risk in England – “Mak-
ing Space for Water (MSW)” (Defra, 2004). This holistic
MSW approach is risk-driven and requires that adaptabil-
ity to climate change becomes an integral part of all flood
and coastal erosion management decisions. A whole catch-
ment and whole shoreline approach is being adopted that
is consistent with, and contributes to, the implementation of
the EU Water Framework Directive. The MSW strategy re-
quires the consideration of a broad portfolio of response op-
tions for managing risks including changes to land use plan-
ning in flood-prone areas, urban drainage management, ru-
ral land management and coastal management as part of the
integrated holistic approach. Similar responses to managing
future flood risk are being taken in other European countries,
including “Room for the River” in the Netherlands (Wier-
ing and Driessen, 2001) and “Room for Rivers” in Germany
(Krieger, 2012). There is to be more emphasis on warning,
adaptation, and emergency planning. Stakeholders are to be
engaged at all levels of risk management, with the aim of
achieving a better balance between the three pillars of sus-
tainable development (economic, social and environmental)
in all risk management activities (Defra, 2005). The require-
ment for stakeholder participation is steered also by the EU
Water Framework Directive’s and the EU Floods Directive’s
requirements to involve participatory methods in water/flood
risk management planning. One consequence of this is an
increasing focus on how key elements of flood risk man-
agement planning can be implemented at community level,
where the impacts of flooding have occurred, or might occur,
in the future.
The increasing involvement of local communities in flood
risk management has implications for how investments in
flood protection infrastructure are being made, and will
be made in the future. Decision-making processes relat-
ing to investments are becoming increasingly participatory
and require “transparent targets” (Johnson and Priest, 2008);
i.e. there is a shift from a top-down state-centred approach
towards one in which other organisations, agencies, local
pressure groups and individuals are playing an increasing
role. The traditional top-down models for investment in
flood protection infrastructure have either been standard-
based (e.g. the 100 yr flood), or evaluated using a cost–
benefit approach, with at-risk sites prioritised on the basis
of a benefit / cost (B / C) ratio, for example. At a time when
the economies of many countries are struggling, state alloca-
tions of funds for investment in all sectors, including flood
risk management, are under threat or are being reduced, and
so the competition for scarce funds is increasing. While the
traditional B / C approach still has a dominant role in deter-
mining which sites are prioritised for investment in the UK,
there is evidence of new funding models emerging in which
state level funds are augmented by local government agency
funds to enable some sites to move up the priority queue
and gain state funding that would otherwise not be gained
based on a B / C criterion. Political pressures at local level
play a role in this. This co-funding model will inevitably cre-
ate winners and losers, and raise questions about equity and
fairness in investment allocation. On the other hand, it marks
a shift in responsibility for flood risk management down-
wards and outwards that means that those affected by flood-
ing have an increasing role to play in flood risk management,
and presages increasing cooperation between the state, oper-
ating agencies and public bodies and citizens, which is highly
desirable.
One area of flood risk management in which local com-
munities have a key role to play is in building flood re-
silience. While it is well recognised that technical devel-
opments in flood science provide essential underpinning
to improved flood risk management, a key question for
UK resilience planning is how different and wider flood
knowledge bases can be built into the policy process and
sustainability governance at the local, lay, level (McEwen
and Jones, 2010). To develop flood knowledge beyond the
“strategic/managerial/expert” levels requires different con-
ceptual frameworks, knowledge and skills which operate at
the community, family and individual levels. McEwen and
Jones (2012) discuss the role of local/lay flood knowledge
in building community resilience post the 2007 floods in
Gloucestershire, UK, which caused economic damage val-
ued at more than GBP 3 billion. They reflect on how flood
knowledge can be captured, used and harnessed in flood re-
silience planning, and on the role of local knowledge and
“sustainable flood memory” in developing community flood
resilience. They conclude that the 2007 UK flood experi-
ence is generating new understandings of the value of local
knowledge, and how this knowledge might be successfully
used in flood risk management practice. Further, McEwen et
al. (2012b) advocate the concept of sustainable flood mem-
ory for effective flood risk management. Sustainable flood
memory is conceived as community-focused, archival, in-
tegrating individual/personal and collective/community ex-
periences, and involving inter- and intra-generational com-
munication and strategies for incorporating it into flood
risk management (McEwen et al., 2012b). This is clearly
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necessary when there are “flood-rich” and “flood-poor” peri-
ods to avoid vulnerability growing in the latter periods.
3 Coupled human and natural systems
An increasing focus on coupled human and natural systems
(CHANS) and how to model them has developed primarily
within the literature on ecological systems and their sustain-
ability. A review of this extensive literature is beyond the
scope of this paper; selected papers are referenced here to
provide an indication of how this interdisciplinary field is de-
veloping, particularly the characterisation/modelling of the
human system, and the coupling/integration of the natural
and human systems.
Liu et al. (2007b) provide a well-structured, informative
overview of CHANS research. Firstly, CHANS research fo-
cuses on the patterns and processes that link human and nat-
ural systems. Second, CHANS research emphasises recip-
rocal interactions and feedbacks – both the effects of hu-
mans on the environment and the effects of the environ-
ment on humans, climate change being the paramount ex-
ample of this. Third, understanding within-scale and cross-
scale interactions between human and natural components is
viewed as a major challenge for the science of CHANS. Liu
et al. (2007b) synthesise major characteristics of complex or-
ganisational couplings (among organisational levels), spatial
couplings (across space), and temporal couplings (over time)
of CHANS, and discuss their implications for sustainable en-
vironmental/natural resource management and governance.
Liu et al. (2007a) review complex patterns and processes in
CHANS which are not evident when studied by social or nat-
ural scientists separately. A synthesis of six case studies from
around the world shows that couplings between human and
natural systems vary across space, time, and organisational
units. They also exhibit nonlinear dynamics with thresholds,
reciprocal feedback loops, time lags, resilience, heterogene-
ity, and surprises. Furthermore, past couplings have legacy
effects on present conditions and future possibilities.
O’Connell (2005) set out some ideas and principles for
modelling catchments as CHANS. A great deal of research
has been carried out on the impacts of land use change on
the hydrological functioning and responses of catchments,
but these impacts have invariably been treated as passive.
He advocated an active modelling approach to representing
changes in which the agents of change (e.g. farmers and
farm managers) respond to socio-economic drivers that de-
termine land use patterns and management practices, and
the use of social simulation techniques to represent human
activities and decision-making. Monticino et al. (2007) de-
scribe such a CHANS modelling approach that couples nat-
ural system dynamics for a forest ecosystem to human land
use decision-making, where the primary focus is on develop-
ment decisions and their consequences. Interactions between
human stakeholders are represented using multi-agent mod-
els that act on forest landscape models in the form of land
use change. Feedback on the effects of these actions is re-
ceived through ecological habitat metrics and hydrological
responses.
The use of ABM to model human activities and human
decision-making in CHANS has received considerable atten-
tion in the literature, and there are some major challenges in
this regard. Kurtz and Snowden (2003) list several challenges
when seeking to capture the complex patterns of human be-
haviour in agent-based simulations, and in particular note
that humans are not limited to (a) one identity or any com-
mon set of emotions; (b) acting in accordance with predeter-
mined rules; or (c) acting on local patterns. Batten (2004) dis-
cusses one class of social systems – self-referential systems
– that seems relatively immune from these problems. These
relate to situations where the forecasts made by agents serve
to create the world they are trying to forecast. The emergent
complexity in these systems arises more from ways in which
the agents interact and affect each other, and less from each
agent’s individual idiosyncrasies (Batten, 2004).
In discussing fairness principles in allocating water in
Australia, Nancarrow and Syme (2004) note that the allo-
cation, or re-allocation, of water to achieve environmental
sustainability in farming communities can be a source of
considerable conflict. They note that different stakeholders
have different views of what constitutes fairness, and explore
whether investigation of water allocation rules can contribute
to gaining community consensus. They challenge the three
basic assumptions of order, rational choice and intent in or-
ganisational decision support approaches, and observe that
the Kurtz and Snowden (2003) discussion on the realities of
contextual complexity and un-order epitomises the water al-
location process they had analysed. By incorporating the jus-
tice criteria of stakeholders in different allocation rules, they
suggest that ABM could be a useful decision support tool for
assisting lay people to achieve social justice. In the context of
flood risk, Vojinovic´ and Abbott (2012) argue that social jus-
tice should underpin approaches to flood risk management,
and integrate the human-social and the technological com-
ponents to provide a holistic view.
An (2012) has carried out a comprehensive review of
various decision models used in agent-based simulations
of CHANS dynamics, discussing their strengths and weak-
nesses. Nine different modelling approaches are considered
that range from more empirical to more process-based mod-
elling approaches. An (2012) observes that humans make de-
cisions in response to changing natural environments, which
will in turn change the context for future decisions. Their
abilities and aspirations for learning, adapting, and mak-
ing changes may undergo evolution in their decision-making
paradigm. Given all these features, An (2012) considers that
it is “something that is still far away” to incorporate re-
alistic reasoning about beliefs and preferences into under-
standing and modelling human decision-making processes
(Ligtenberg et al., 2004). Without a more process-based
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understanding of human decision-making (e.g. the way-
finding process model of Raubal, 2001), An (2012) con-
siders that it is very difficult to appreciate complexity at
multiple dimensions or scales, and to achieve in-depth cou-
pling of the natural and human systems. An (2012) concludes
by advocating development of more process-based decision
models as well as protocols or architectures that facilitate
better modelling of human decisions in various CHANS.
The challenges of modelling the human activities influenc-
ing decision-making in making flood protection investments
are discussed in Sect. 6.
CHANS research has not yet established a significant pres-
ence in flood risk management research although, with the
increasing focus on human and not just technical aspects of
flood risk management noted in Sect. 2 above, it seems likely
that this will happen. Di Baldassarre et al. (2013b) describe a
very interesting, essentially CHANS approach, to conceptu-
alising and modelling hydrological and social processes, and
their complex interactions, in settled floodplains. They de-
velop a simple, dynamic model to represent the interactions
and feedback loops for hypothetical human–flood systems.
The model, which is based on a set of four functional rela-
tionships, is then used to explore the dynamics of the human–
flood system and the effect of changing individual character-
istics, including external forcing such as technological devel-
opment. The results show that the conceptual model is able
to reproduce reciprocal effects between floods and people as
well as the emergence of typical patterns. Grelot and Bar-
reteau (2012) modelled population and vulnerability at the
national scale in France as a test bed for evaluating the re-
silience of insurance scenarios to flood risk from extreme
events. Brouwers and Boman (2011) implemented a flood
risk management model as a basis for discussion of alterna-
tive policy strategies. The model, which integrates aspects of
geographical, hydrological, economical, land use and social
context, was used to assess the relationship between the role
of the insurance industry and local government.
Taking a broader sustainable engineering perspective, Al-
lenby (2000), in characterising the new paradigm of “Earth
systems engineering and management” (ESEM), observes
that managing the future evolution of tightly coupled human
and natural systems will require the development of a ca-
pability to rationally “engineer” them through new manage-
ment and engineering approaches that accommodate the bal-
ance between social, economic, and environmental capital.
He represents this as the next great challenge for the engi-
neering profession, and the new broader approaches to flood
risk management under climatic and socio-economic change,
and with a greater focus on humans, fall clearly within the
scope of CHANS and ESEM.
The US National Science Foundation (NSF) has been
funding the cross-cutting Dynamics of Coupled Natural and
Human Systems (CNH) programme since 2001. Funded by
NSF, the International Network of Research on Coupled Hu-
man and Natural Systems has been set up to foster interdisci-
plinary collaboration in the field. Details of currently funded
NSF projects are provided on the website (http://chans-net.
org/). Most of the projects are focused on ecological sys-
tems, natural resource management and sustainability, and
some intersect with hydrology.
4 The natural system: stochastic flood model
4.1 Rationale
As noted in Sect. 1, an overarching issue for flood invest-
ment strategies is the influence of global climate change
on climatic and flood extremes. In the context of water re-
sources management, Milly et al. (2008) suggest that, in as-
sessing climate change impacts, the assumption of stationar-
ity is no longer tenable, and that nonstationarity should be
invoked. O’Connell and O’Donnell (2013) discuss the evi-
dence for dismissing stationarity, and argue that, in the ab-
sence of clear and unequivocal evidence of nonstationarity
that can be incorporated into modelling nonstationary hy-
drological variables, invoking nonstationarity presents some-
what intractable challenges. Rather, it would seem prudent to
explore the limits of stationarity in the first instance, particu-
larly in representing the long-term natural climatic variabil-
ity that pre-existed global warming. By increasing the mem-
ory in a stationary stochastic model, the resulting increase
in long-term variability can be indicative of the increased
variability to be expected under global warming, and under
which adaptation investment decisions will have to be made.
The traditional approach to making investment decisions
in flood protection infrastructure is to estimate the proba-
bility distribution function (pdf) of annual maximum floods
(AMFs) from the available data, to integrate the tail of the
pdf with the damage function for the site at risk, and then to
find the optimum design flood level that maximises the dif-
ference of discounted benefits and costs over the design life.
The assumption of independence in AMFs underpins this ap-
proach. However, there is evidence that this assumption may
be questionable when longer records of extreme rainfalls and
floods are analysed. Ntegeka and Willems (2008) have identi-
fied multi-decadal variability in extreme rainfalls for a 100 yr
rainfall record in Belgium using a sliding-window method
of analysis. Significant deviations in rainfall quantiles were
found, which persisted for periods of 10 to 15 yr. In the
winter and summer seasons, high extremes were clustered
in the 1910s–1920s, the 1960s and recently in the 1990s.
The authors note that this temporal clustering highlights the
difficulty of attributing “change” in climate series to an-
thropogenically induced global warming. Intra- and multi-
decadal climatic variability in the United States has been
linked to low-frequency variations in climatic state (Mauget,
2003a, b). Verdon and Franks (2006) comment that the in-
strumental record is insufficiently long to capture climate
variability over multi-decadal timescales, and there is a need
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to augment observational records with palaeoclimate data to
assess whether recent changes are abnormal.
Persistence/interannual variability in UK AMFs has been
identified by Lane (2008), with clustering of floods in “flood-
rich” periods and few floods in “flood-poor” periods. Pattison
and Lane (2012) have constructed and analysed a long flood
record dating from 1770 for the River Eden in the UK and
identified three main flood-rich periods: 1873–1904, 1923–
1933, and 1994 onwards. Their analysis of climatic drivers
suggests that systematic organisation of the North Atlantic
climate system may be manifest as periods of elevated or re-
duced flood risk, and with major implications for analyses
that assume that climatic drivers of flood risk either can be
statistically stationary or are following a simple trend. Flood
clustering in the United States has also been linked to cli-
mate teleconnection patterns (Villarini et al., 2013). How-
ever, it is not necessary to discard the assumptions of station-
arity to model this interannual variability; there are stationary
stochastic models that can reproduce this variability (Kout-
soyiannis, 2011; O’Connell and O’Donnell, 2013; O’Connell
et al., 2010a).
Periods that are flood-rich and flood-poor will be reflected
in behaviours on investments by decision-makers. During
flood-poor periods, encroachment on floodplains and the
value of assets grow, while levels of investment decline; con-
versely, investment grows in flood-rich periods i.e. is reac-
tive, as noted in Sect. 2 above. There is evidence of an “es-
calator effect” whereby progressively higher levels of flood
defence are provided to protect against progressively increas-
ing flood damage potential, caused mainly by post-defence
development (Parker, 1995).
GCMs may not reproduce the observed low-frequency
climatic variability (Johnson et al., 2011), so alternative
approaches to climate risk assessment are needed (Brown
and Wilby, 2012; Blöschl et al., 2013). In an exploratory
study of climate risk assessment of adaptation strategies,
proactive and reactive investment strategies were inves-
tigated under an increasingly variable climate exhibiting
flood-rich and flood-poor periods (O’Connell et al., 2010a;
O’Connell and O’Donnell, 2013). Following the approach of
O’Connell (1971, 1974), a univariate autoregressive moving-
average (ARMA) (1,1) model was used to represent increas-
ing levels of long-term variability and persistence in simu-
lated AMFs. A Monte Carlo sampling approach combined
with a rational cost–benefit approach was used to evaluate
proactive and reactive strategies for a single hypothetical site
at risk from flooding. Here, this approach is extended to a
hypothetical region with multiple sites at risk from flooding
that are competing for limited funds available for investment
in flood protection.
4.2 Multi-site ARMA model
A set of N randomly distributed floodplain sites at risk from
flooding is assumed for a hypothetical region with a domain
size of 100 km× 100 km. The chosen area is arbitrary but
broadly corresponds to the size of area under the jurisdiction
of a regional flood and coastal committee in the UK; such
committees have a key role in ensuring there are coherent
plans for identifying, communicating and managing flood
and coastal erosion risks across catchments and shorelines.
No implicit linkages between the sites are assumed, other
than through spatial correlation.
A multivariate ARMA (1,1) model for annual maximum
floods at the N sites is assumed (O’Connell, 1974; Bras and
Rodríguez-Iturbe, 1985); the model can be parameterised so
that the level of persistence and interannual variability in
AMFs can be controlled at each of the sites, so that the ef-
fect of this on investment strategies can be explored. The
level of spatial coherence between the sites can also be con-
trolled through a spatial correlation function, the parame-
ters of which can also be varied to explore the sensitivity
of investment decisions to spatial coherence. The distribu-
tion of annual maximum floods at each of the sites is as-
sumed to be described by a three-parameter lognormal dis-
tribution with mean 1000, standard deviation 400, and co-
efficient of skewness 1.5 (these can be varied across the
sites to be more realistic, but were kept constant in the
first instance to facilitate the interpretation of the results in
Sect. 5). If Y (i)t denotes a lognormal AMF variable at site i
with lower bound ai , then the corresponding normal variable
X
(i)
t = Ln
(
Y
(i)
t − ai
)
will have mean µ(i)x and standard de-
viation σ (i)x . If x(i)t = (X(i)t −µ(i)x )/σ (i)x , then a multivariate
normal ARMA (1,1) model with mean zero and unit standard
deviation at each site can be written as
xt = Axt−1+Bεt −Cεt−1, (1)
where xt and xt−1 are (N × 1) vectors with elements x(i)t and
x
(i)
t−1, respectively; εt and εt−1 are vectors of N (0,1) indepen-
dent normal random variables; and A, B, and C are (N ×N)
matrices of coefficients that are defined from M0, M1, and
M2, the lag zero, lag one and lag two cross-correlation ma-
trices.
If the matrix A is assumed to have a diagonal form with all
diagonal elements predefined and equal to ϕ, the autoregres-
sive parameter of a univariate ARMA (1,1) model, then the
following relationships can be used to solve for the matrices
B and C:
B+C= (I+A)M0 (I+A)T −M1 (I+A)T
−(I+A)MT1 = ββT (2)
B−C= (I−A)M0 (I−A)T +M1 (I−A)T
+(I−A)MT1 = γ γ T . (3)
Without loss of generality, a lower diagonal form can be as-
sumed for the matrices B and C, and Eqs. (2) and (3) can
then be solved for the elements of B and C. As the ma-
trix A has been predefined, the matrix M2 is not required
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Fig. 1. Example realisations of AMF series for a single site gener-
ated using an ARMA (1,1) model, where (a) is an independently and
identically distributed AMF series with no persistence (ϕ = θ = 0);
(b) is for a moderate level of persistence, ϕ = 0.95 and ρ = 0.1;
and (c) is for a high level of persistence, ϕ = 0.95 and ρ = 0.3. The
11 yr moving average is superimposed in bold.
to solve for A (=M2M−11 otherwise). With this definition
of A, the parameter ϕ, together with the lag-one serial cor-
relation ρ, can be used to control the level of persistence
at each site; both are kept constant here across sites. As ϕ
approaches the upper stationarity boundary of 1, the level
of persistence/interannual variability increases, with increas-
ingly extended flood-rich and flood-poor periods. The ele-
ments of the matrix M0 are filled using the spatial correlation
function and the distance between the sites; an exponential
isotropic correlation function was used with a rate of decay
based, as a guideline, on the observed dependence between
extreme sea surge, river flow and precipitation data in east-
ern Britain (Svensson and Jones, 2002). If ρij (0) denotes an
element of the matrix M0, i, j = 1,2,. . .N , then the elements
of M1 are specified as ρρij (0), based on the diagonal speci-
fication for the matrix A. The matrices B and C can then be
solved for using Eqs. (4.2) and (4.3).
Example realisations of AMFs are shown in Fig. 1 for a
single site, where (a) is an independently and identically dis-
tributed AMF series with no persistence; (b) is for a moder-
ate level of persistence corresponding to ϕ = 0.95 and lag-
one serial correlation ρ = 0.1, and (c) is for a high level of
persistence corresponding to ϕ = 0.95 and lag-one serial cor-
relation ρ = 0.3. Note that for any given ϕ, θ can be defined
to give the required value of ρ.
5 Rational flood protection investment within the
coupled human and natural system
5.1 Evaluation of investment strategies using
cost–benefit analysis
Given its use by many governmental agencies in assessing
the economic viability of proposed flood defence projects
(e.g. HM Treasury, 2011), cost–benefit analysis (CBA) pro-
vides a useful starting point for the comparison of alter-
nate investment strategies in an increasingly variable climate.
The approach taken here involves identifying the level of in-
vestment in flood defences that maximises the net benefits
through the use of the objective function
NPV=
n∑
t=1
[
1/(1+ r)t (EADt,CU−EADt,IMP− costt)] , (4)
where NVP is the net present value; EADt,CU is the expected
annual damage corresponding to the current level of protec-
tion (i.e. a do-nothing strategy); EADt,IMP is the expected
annual damage corresponding to the improved level of pro-
tection (to be obtained by optimising NVP); and costt is the
level of investment. The discount rate, r , is used to discount
future damages and costs back to the present value, with a
high rate placing more weight on benefits gained in earlier
periods. The UK Treasury suggests a time-varying discount
rate starting at 3.5 %, and declining to 2.5 % after 75 yr (HM
Treasury, 2011). EADt,CU and EADt,IMP are obtained by in-
tegrating a damage function with the tail of the pdf, Fig. 2.
The shape of the damage function was chosen so that a large
amount of damage occurs with initial overtopping, reflecting
substantial development on the floodplain, and the cost func-
tion comprises an initial cost and a linear proportional cost.
The cost and damage functions shown in Fig. 2 have the same
monetary units, but as this is a hypothetical case the values
are just indicative.
Hence, the natural system, represented by AMF floods,
is coupled to the human system (the floodplain residents)
through the interaction created by investments in flood pro-
tection infrastructure, and associated costs and economic
damage. A more people-centred approach is presented in
Sect. 6 in which a framework is outlined for modelling the
human activities that drive flood protection investment.
5.2 Investment strategies
Two alternate investment strategies were evaluated: (a) a
proactive strategy where an existing level of flood protection
(corresponding to a return period of 50 yr) is upgraded at all
sites at the beginning of the design life, and (b) a reactive
strategy in which investment is made only when the existing
flood protection is exceeded at a site.
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Fig. 2. Schematic of pdf of annual maxima floods, cost function and
damage function.
A Monte Carlo approach was used to evaluate the two in-
vestment strategies. For each of the 10 sites, an ensemble of
50 000 150 yr realisations was generated for the IID (inde-
pendently and identically distributed), moderate-persistence
(ϕ = 0.95, ρ = 0.1) and high-persistence (ϕ = 0.95, ρ =
0.3) levels. Each realisation was separated into a 50 yr “his-
toric record” and a subsequent 100 yr “design life” period.
The choice of a 50 yr historical record was based on the typ-
ical length of flow records at gauged sites in the UK (Jones
et al., 2006), and the 100 yr design life was based on the rec-
ommended appraisal period for flood risk management plans
in the UK (Defra, 2009).
In the case of the proactive strategy, the pdf of the AMFs
was estimated from the historic record by fitting a lognormal
distribution using L-moments (Hosking and Wallis, 1997).
For the reactive strategy 50 + nr years of data were used to
estimate the pdf, where nr is the number of years in the de-
sign life before the existing level of protection is exceeded
(Fig. 3). The pdf was combined with a damage function to
estimate the expected annual damage for the current situation
(EADCU), and then the optimal level of protection was deter-
mined using the cost–benefit function (Fig. 2 and Eq. 4). The
performance of each strategy was assessed by calculating the
actual damage during the design life accumulated over the 10
sites.
An additional set of simulations was performed for each
strategy in which full knowledge of the population AMF pdf
was assumed in each case. This will obviously impact on the
calculation of the expected annual damage for both the cur-
rent and improved situations, and provides a reference point
corresponding to perfect information on the pdf.
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Fig. 3. Typical realisation of “historic record” (50 yr) and “design
life” (100 yr). An exceedance of the current level of protection takes
place around nr = 50 yr, so 50+ nr years of data are available to
estimate the pdf of annual maximum floods for the reactive case.
5.3 Results
The discounted net benefits (reduction in damage minus
costs) are shown for the IID case, the moderate-persistence
and high-persistence cases in Fig. 4. The values are the av-
erage over the 50 000 realisations across all 10 sites. In the
proactive case the net benefits are similar for all persistence
levels, although as expected there is a significant advan-
tage in using the population rather than the sample statis-
tics. Where full knowledge of the population is assumed, the
optimal level of investment is known precisely, which cor-
responds roughly to the 150 yr flood. Where the pdf is es-
timated from the historical record, the effect of persistence
influences the cost–benefit analysis in determining the level
of protection, but the average net benefit taken over 50 000
realisations is similar for all levels of persistence.
When using the population pdf statistics, proactive invest-
ment is best, as the net benefits are higher than those for the
reactive case. In the reactive case, investment is only made
after the first flood exceeding Q50, and hence there is an ini-
tial damage prior to improvement in defences. Of greatest
interest in the reactive case is the increase in net benefits as
the persistence increases, with the reactive strategy perform-
ing better than the proactive strategy under high persistence
when the sample statistics are used; i.e. there is a crossover
from proactive to reactive as the best strategy. These results
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Fig. 4. Comparison of net benefits for the proactive (left panel) and
reactive (right panel) cases.
can be explained by examining the frequency of flooding and
damages in greater detail.
The percentage of 100 yr AMF records in which no flood
exceeded the current level of protection was 13 % in the
IID case (which is as expected given the relationship P =
1− (1− 1/T )n, where n= 100 and T = 50) and 27 % in the
high-persistence case. This means that in the reactive case
with high persistence, no investment is made at a larger num-
ber of sites, reducing the average cost across all realisations,
and increasing the net benefits
Results do depend upon the choice of the cost and dam-
age functions, as well as the assumed discount rate and the
lengths of the historic and design periods. A limited number
of sensitivity runs were performed in which the parameteri-
sation of the cost and damage functions were modified. It was
found that the proactive strategy always outperformed the re-
active strategy for the IID case. The choice of optimal strat-
egy was less clear in the high-persistence case. As the return
period associated with the optimised level of protection in-
creased, the proactive strategy became more favourable. Ad-
ditional exploration of these sensitivities will be performed
in future work.
5.4 Limitations of cost–benefit analysis
It should be noted that there are a number of difficulties in the
application of cost–benefit analysis. These include quantify-
ing the economic cost of flood damage (Merz et al., 2010),
the pricing of human welfare and the ecosystems impacted
by development (Ackerman et al., 2009), and predicting the
actions individuals and societies will take in the future. Trust
in authorities, and cultural and individual factors play im-
portant roles in determining the willingness of individuals
to invest in risk preparedness and take risk mitigation ac-
tions (Wachinger et al., 2013; Eiser et al., 2012; Scolobig
et al., 2012). Additionally, the building of defences changes
the perception of flood risk, potentially leading to increased
development in floodplain areas, which is difficult to predict
over long time horizons (Di Baldassarre et al., 2013a). How-
ever, perhaps the major limitation of the above analysis is
Environment 
Ministry (Defra)
Operational 
Agency (EA)Local Authority
Finance Ministry
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Industry
Decision Making 
Committee
(RFCC)
Local investment decision
Fig. 5. Institutional actors in the decision-making process.
that only cost–benefit analysis was used in policy appraisal.
The role of cost–benefit analysis, which has its origins in in-
vestment appraisal, is but one component of policy making
(Pearce, 1998). A sustainable approach to flood risk man-
agement must embrace economic, environmental and social
objectives, resolving the conflicts that arise, and consider the
new behavioural patterns and social processes that emerge.
In this regard, agent-based modelling has the potential to de-
scribe this complexity in the decision-making process, as dis-
cussed below.
6 The human system: towards agent-based modelling
of human activity affecting flood investment decision-
making
An agent-based modelling (ABM) framework is being de-
veloped in conjunction with the regional ARMA natural
system AMF model presented in Sect. 4 to explore the
decision-making process for flood investment at the regional
level within this coupled human and natural system. This
work draws upon experience of institutional–citizen inter-
play studies conducted throughout the UK, and the wider
agent-based modelling literature. The primary aim is to pro-
vide insight into how communities respond to actual flood-
ing, and whether this influences the funding of flood pro-
tection. Firstly, the institutional actors are introduced, and
then their interaction with floodplain communities within an
agent-based context is presented.
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6.1 Institutional actors involved in the decision-making
process
The main institutional actors in the decision-making process
for FRM are shown in Fig. 5. An English perspective is used
in the following, but many of the roles of actors and feed-
backs between them have parallels in many Europeans coun-
tries. The US approach differs from that in Europe in that
preparation, response and recovery dominate over prevention
(ten Brinke et al., 2008).
6.1.1 Central government
The institutional framework for flood management in Eng-
land is fragmented with the environment ministry (Defra) re-
sponsible for policy-making and the Environment Agency
(EA) for operational responsibility. Defra’s role is con-
strained by the economically orientated Treasury, which con-
trols public financial resources and sets the principles of
public-sector financial operations (Krieger, 2013). As a result
of this relationship that is based on financial accountability,
FRM historically has relied primarily on a project level risk-
based cost–benefit ratio as a basis for investment, although
recent reforms have strengthened the social and environmen-
tal dimensions (Johnson et al., 2007). It is interesting to con-
trast the UK and German models, with the latter aiming to
provide a similar level of protection to the population at risk
through the adoption of the 100 yr flood level (HQ100) stan-
dard (Krieger, 2012).
6.1.2 Operating authority
Defra provides priority-defined guidance to the operating au-
thority (EA) to prevent flood protection projects entering the
funding process unless they achieve some economic, social
and environmental performance levels (Johnson et al., 2007).
However, the EA is a quasi-independent agent of the govern-
ment with laws giving only permissive powers rather than
duties (Harries and Penning-Rowsell, 2011). Thus, the or-
ganisation has a degree of autonomy on how to spend the
annual budget it receives from Defra. Additionally, there is
devolved power within the EA, with local staff left some dis-
cretion about the design and content of the proposals that
they put forward to the decision-making committees.
6.1.3 Regional flood and coastal committees
Regional flood and coastal committees (RFCCs), a require-
ment of the Flood and Water Management Act 2010, are
central to achieving the government’s new partnership fund-
ing approach (Defra, 2011). These committees can raise a
local levy to reduce the cost of projects to the national tax
payer, thereby bringing forward scheme delivery, or to fund
schemes that satisfy local strategy. The aim is to provide
communities with choice and provide localism to decision-
making (Defra, 2011). RFCCs also provide for local demo-
cratic input through the majority local authority membership
(Defra/EA, 2011).
6.1.4 Local authorities and land use planning
Autonomous, directly elected local authorities have tradition-
ally had a major control over land use/development deci-
sions, which has caused tension with the EA to whom blame
is attributed in times of flood disasters. However, the recent
UK Government’s Planning Policy Statement 25 (PPS 25)
requires recognition of flood risk and climate change projec-
tions in development appraisal, strengthening the role of the
EA. This involves avoiding new development plans in high
flood risk areas and ensuring that flood risk is adequately ad-
dressed in planning appraisal. PPS 25 has additionally spread
the risk towards those that are benefitting from development
within flood-prone areas, with developers required to imple-
ment flood alleviation measures. However, there remains a
tension as government policy strongly favours the redevelop-
ment of brownfield land, much of which lies in areas at risk
of flooding (Porter and Demeritt, 2012).
6.1.5 Insurance
Flood insurance provision in the UK is based on the “State-
ment of Principles” between the government and the Asso-
ciation of British Insurers (ABI), which guarantees existing
customers access to home insurance in flood risk areas. (This
agreement will expire in 2013). UK flood insurance provision
is unusual in Europe in that risk is reflected in premiums paid
by individual households, although there is a subsidy from
low- to high-risk households. There is a concern that, if left
to the market, there will be differentiation between house-
holds at different levels of risk which may leave many low-
income households effectively uninsurable, leading to social
blight (O’Neill and O’Neill, 2012).
6.2 Influence of community responses on the
decision-making process
The above discussion demonstrates that institutional respon-
sibilities for managing flood risk are fragmented, with the in-
stitutions involved having a degree of autonomy. This means
that there is some regional flexibility in the provision of flood
protection. For example, the EA has been historically re-
active and responsive to flood events that have stimulated
public demand for defences (Harries and Penning-Rowsell,
2011). The powers imparted to the RFCCs, with the inclusion
of local authority members, has the potential to increase the
influence of community action in gaining flood protection.
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Fig. 6. Schematic of ABM framework for regional decision-making.
The box is a simplified representation of the UK partnership funding
scheme, where those projects with the highest benefit-to-cost ratios
receive 100 % central funding, with others requiring a local funding
contribution to proceed.
6.2.1 ABM framework
Before commencing to describe an exploratory ABM
framework that might encompass the above human
decision-making process in greater detail than the somewhat
outdated cost–benefit approach, it is appropriate to highlight
some key aspects of the methodology, including limitations.
ABMs are often criticised for a lack of verification, calibra-
tion and validation. The proposed model is not to be used in
predictive mode, but rather to explore futures in which there
is deep uncertainty. Under such situations accurate predic-
tions are not possible (Lempert, 2002; Bankes, 2002). How-
ever, given that ABMs correspond quite closely to the ways
that individual stakeholders generally think about actions and
interactions, there is the potential for model appraisal, and for
actors/stakeholders to gain insight into the decision-making
process that they seek to influence. A model can be deemed
useful if stakeholders view it as plausible and it enables them
to explore the consequences of actions that they may wish
to undertake (Moss et al., 2001). Such participatory agent-
based simulation has proved useful in exploring the achieve-
ment of policy objectives with stakeholders (e.g. Downing et
al., 2001; Becu et al., 2003).
In designing an ABM, there is a tension between the per-
ceived need to represent the human system decision-making
problem domain in as rich a manner as possible, while re-
taining simplicity. There is a risk that richness will introduce
multiple complexities that will obscure the significance of
the model. Simpler models are often preferable, as the data
requirements are more manageable and they can be described
and understood (Pellizzari, 2005; Crooks et al., 2008), which
is particularly important if a participatory approach is used.
However, ambiguity remains over the specification of agents’
motivations, interactions and beliefs.
A schematic of the proposed ABM framework is provided
in Fig. 6, which is an abstraction of the institutional rela-
tionships described above that operate at the regional level.
The natural system is represented using the ARMA AMF
model (Sect. 4), in which the level of persistence can be var-
ied to create clusters of floods in the AMF series. This con-
trols the timing and extent of flooding in a given number of
virtual cities (sites) at risk from flooding. The “memory” in
the ARMA model is imparted to the community, not only in
terms of greater demands for protection in flood-rich periods
but also in terms of the citizens’ flood memory and emo-
tional intensity. If sufficiently motivated, the citizens in the
community will form pressure forums, flood action groups,
and generate media attention. Both in the UK and Europe,
there is a public perception that managing flood risk is a
public rather than private matter (Lara et al., 2010; Kellens
et al., 2013); hence, pressure is placed on elected officials,
who influence local authority decision-making. Ultimately,
if sufficient, this pressure will influence the decision-making
authority, which comprises local authority members and the
operating authority (e.g. the EA). There is a need to assess
whether “event-driven” responses provide good decision-
making and good value for public money, and whether those
with weak representation lose out (Naess et al., 2005; Parlia-
mentary Select Committee, 2013).
A primary reason for selecting an agent-based approach
is the ability to model the actions and interactions of the
individual decision-making entities; hence the groupings in
Fig. 6 must typically represent many agents. For example, a
virtual city requires a spatial representation of the areas in
which the citizens reside to allow representation of the social
interactions that are important in group activity and mobili-
sation (e.g. DeMarzo et al., 2003).
6.2.2 Community responses
There is a need to explore the motivations and competence
of the citizen agents involved and how hierarchical relation-
ships are formed, and whether this impacts on the funding
process. Citizen agents can be broadly divided into the fol-
lowing categories:
– influentials, who have strong motivation and compe-
tence;
– reluctants, who do not accept that their property is at
risk, which may be explained in terms of economic
interests (insurance) and the psychologically unset-
tling nature of accepting risk (Burningham et al., 2008;
Cashman, 2009; Grothmann and Reusswig, 2006), or
fear of the loss of aesthetics (Whatmore and Land-
ström, 2011);
– others, whose opinions may be swayed by the views of
their social networks.
Influentials are important agents in the formation of flood
action groups, which are the key pressure groups involved
in mobilising community outrage, and media attention after
a flood event. For example, following the 2008 flood which
impacted upon 1000 properties in the town of Morpeth in
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North East England, there were calls that “It must never hap-
pen again!” Additionally, there were demands for action “to
lobby councillors, push our MPs to keep the issues before
parliament and press the Environment Agency to bring for-
ward their plans for flood alleviation”. There is a significant
body of agent-based literature exploring the role of influen-
tials (e.g. Deffuant et al., 2002; DeMarzo et al., 2003) and
how social relationships influence the shaping of a commu-
nity’s views (e.g. Gulati et al., 2011; Hamill and Gilbert,
2009).
Politicians are assumed to be primarily motivated by main-
taining or gaining power, which can be achieved by gaining
public support through their actions. The national politician
(member of parliament: MP) representing the community of
Morpeth spoke in parliament seeking government support to
help to rebuild the town and “to prevent a similar occur-
rence”. It was also argued that an improved flood defence
scheme would release valuable riverside land for redevelop-
ment. This raises questions regarding a community’s accep-
tance of policies such as Making Space for Water and the
viability of future land use planning to reduce risk. Cash-
man (2009) describes the politicising of a flood event at a
time approaching a local election, despite the absence of po-
litical involvement after an event several years previously.
The role of the strength of a community’s flood memory
and how this can result in a single electoral issue are there-
fore important aspects (DeMarzo et al., 2003; McEwen et al.,
2012a).
Use of the media is an important method that can be
utilised by a community in gaining support, both within their
own community and regionally. Following the devastating
flood in Hull in 2007, local residents and councillors were
unhappy at the lack of media coverage. It was believed that
certain communities geographically closer to the centre of
power are given preference, with Hull dubbed by the lead
councillor “the forgotten city” (Kim et al., 2012). Alterna-
tively, a regional newspaper used the headline “Sick of sand-
bags and sympathy” to highlight the angry reaction to flood-
ing in Belford, UK (Wilkinson et al., 2010). This village sub-
sequently received local financial support for flood allevia-
tion measures.
The above aspects will influence public consultation ex-
ercises which are held with members of the public and the
decision-making authority. Local decision-makers may per-
ceive those that are most vocal as the public to whom they are
responsible (Irvin and Stansbury, 2004). Consequently, na-
tional level policies may not be met, with a distortion of the
decision-making process in which recent flood victim views
are paramount and have an appeal beyond a rational cost–
benefit approach (Harries and Penning-Rowsell, 2011). In
times of flood crises, there will be multiple demands for flood
protection from several communities, which can be viewed
as an auction for protective measures, in which the outrage a
community generates becomes the principle currency.
6.3 Human activity at the catchment scale
The focus of the framework is to provide an understand-
ing of the motivations, actions and influence of citizens and
institutions on the delivery of flood protection investment
within cities. However, societies also impact on catchment
hydrology, for example through changes in upstream rural
land use and water management (e.g. Brath et al., 2006),
thereby changing the frequency and magnitude of the “nat-
ural” flood–magnitude relationship. Also, engineered flood
defences in priority areas may have downstream impacts (Di
Baldassarre et al., 2009). However, evidence for land use
change impacts in flood records can be difficult to identify in
the presence of significant natural climatic and hydrological
variability (Geris et al., 2013; Robson et al., 1998; O’Connell
et al., 2007), and so the latter has been the main focus here in
representing the natural system.
The proposed framework is ambitious, and the complex-
ity of representing additional societal interactions with the
natural system, many of which are poorly understood, re-
mains a future challenge. For example, although agent-based
land use models are widely used in the research community
(Matthews et al., 2007), understanding and quantifying the
impacts of changes in land use on hydrology remains a ma-
jor challenge and may need the inclusion of additional ac-
tors, e.g. national or EU agricultural policy (Matthews et al.,
2007; Hall et al., 2003; O’Connell et al., 2010b). Perhaps
a more realistic aim would be to incorporate how improve-
ments in flood protection affect the future urban spatial dy-
namics, which is an area that has received attention from the
agent-based modelling community (Filatova et al., 2011; Ir-
win, 2010).
6.4 Contrasting the cost–benefit and agent-based
modelling approaches
The traditional cost–benefit method of determining flood de-
fence investments reflects a top-down approach in which de-
cisions have historically been made on behalf of society by a
government agency. However, the modern approach to flood
risk management is, as already noted, evolving into a people-
centric approach in which multiple actors interact in a com-
plex social milieu to secure investment funds that will re-
duce the risk to themselves and their property. As already dis-
cussed above, modelling the investment process under these
conditions presents a major challenge. Agent-based mod-
elling represents a possible approach to tackling this chal-
lenge, and offers the prospect of making the decision-making
process more transparent and participative for stakeholders.
The limitations of cost–benefit analysis have been discussed
in Sect. 5 above, particularly the difficulty of incorporating
social and environmental costs and benefits into CB analysis.
Nonetheless, CB analysis is likely to continue to be regarded
as a norm for demonstrating that investments in public-sector
infrastructure projects are providing value for money.
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7 Discussion, conclusions and further work
With the prospect that flood hazard may increase in the
coming decades due to global warming, there is a need for
methodologies for evaluating adaptation strategies under in-
creasingly variable climates. It is advocated here that, since
clear and unequivocal evidence has yet to emerge for quan-
tifiable sources of nonstationarity in flood records, the limits
of stationarity should first be explored in assessing the per-
formance of flood protection investment strategies.
To provide insight into how we may deal with flood pro-
tection investment under an uncertain future, rational cost–
benefit analysis coupled with Monte Carlo simulation of an-
nual maximum floods (AMFs) has been used to explore the
performance of proactive and reactive investment strategies
for flood protection. A stationary stochastic model capable
of representing increasingly variable climates has been used
to create AMF series at a number of virtual city sites ly-
ing within a region. Firstly, it was found that, irrespective
of the level of persistence and the investment strategy taken,
it is difficult to make good decisions with the short historic
records (∼ 50 yr) that are typically available to engineering
hydrologists. Secondly, it was found that, while a proactive
strategy performed best for IID and low-persistence AMF
floods, the reactive “wait and see” strategy outperformed the
proactive strategy, in terms of net benefits delivered, at very
high levels of persistence. This demonstrates that the call for
proactive investment to combat the impacts of an increas-
ingly variable climate may be premature, given that natural
climatic variability has been manifested in the past through
flood-rich and flood-poor periods.
In practice, decision-making at a regional or national level
is never simply reactive or proactive. In the UK, a proac-
tive case is taken for cities that are of greatest importance
to the national economy (Lavery and Donovan, 2005), with
a more reactive approach taken elsewhere. Additionally, al-
though cost–benefit analysis plays an important role in pri-
oritising those sites that receive protection, the more holis-
tic approaches that are now being taken to flood risk man-
agement (FRM) encompass environmental, social and eco-
nomic objectives, as well as widening stakeholder participa-
tion. Decision-making now encompasses multiple objectives
and multiple stakeholders, and flood risk management is be-
coming increasingly people-centred. While there is an ex-
panding literature on the social science aspects of flood risk
management – such as institutional structures and responses,
building flood resilience at the community level, and social
justice aspects – there is an evident paradigm lock between
the quantitative technical aspects of FRM and the more qual-
itative treatment of the social science aspects. It is therefore
difficult to quantify how the social dimensions of FRM bear
upon decisions relating to flood protection investments. It is
suggested that coupled human and natural system (CHANS)
modelling, which has developed primarily in the ecological
modelling field, offers a framework for integrating the social
and technical aspects, with agent-based modelling (ABM)
providing a basis for modelling the human activities of mul-
tiple stakeholders that influence decision-making.
Developing an ABM framework to describe the complex-
ity of decision-making in CHANS modelling is a major chal-
lenge. However, meeting this goal would help in gaining an
understanding of whether policy initiatives such as Making
Space for Water can be effectively delivered, and the im-
plications for social justice (Johnson et al., 2007) as well
as delivering value for money for investments in the tradi-
tional economic sense. By coupling the ABM model to the
natural system AMF model, and quantifying the costs and
damages that ensue from decision-making in flood-rich and
flood-poor realisations that emerge from the CHANS model,
the value for money that results can be assessed, and com-
pared with what emerges from proactive and reactive strate-
gies determined using rational cost–benefit analysis. More-
over, community action groups will have an opportunity to
view the consequences of their activities in securing priori-
tisation of investments, on the availability of funding for in-
vestment elsewhere, and on the wider implications for equity
and social justice.
Based on a review of the main actors/stakeholders that cur-
rently influence decisions on flood investments in the UK, an
ABM modelling framework has been outlined. Current work
is exploring how this can be implemented, bearing in mind
some of the known limitations of ABM. Future work will
explore how an ABM representation of decision-making can
play out in terms of investments in the virtual region con-
sidered above, and what the value for money and social jus-
tice consequences can be. In the first instance, selected flood-
rich and flood-poor realisations from the multivariate ARMA
(1,1) model will be used to gain insight into how the coupling
between the human and natural systems affects investments
as the level of persistence/interannual variability increases.
Moreover, the influence of the different aspects of memory
within CHANS models of flood protection investment and
other FRM responses (e.g. building resilience) will be ex-
plored. Firstly, there is the long memory in the natural cli-
mate system (Mesa et al., 2012; Fraedrich et al., 2009) which
is on decadal/centennial/millennial scales, and which is rep-
resented here using a stationary ARMA (1,1) model. Sec-
ondly, there is the institutional/stakeholder memory of past
floods which decays in flood-poor epochs, and which influ-
ences floodplain encroachment and the allocation of govern-
ment funds for investments. The need for “sustainable mem-
ory” (McEwen et al., 2012b) has been noted above. Thirdly,
flood protection infrastructure has memory (C. G. Kilsby,
personal communication, 2013), as its effectiveness decays
over time, and repeated loadings in flood-rich periods can
lead to failure and greatly increased damage (Dyer, 2004;
Dawson et al., 2005). It is therefore evident that CHANS
modelling of flood protection investments and flood risk
management in the current people-centred approaches, and
under the pressures of global climate and socio-economic
www.hydrol-earth-syst-sci.net/18/155/2014/ Hydrol. Earth Syst. Sci., 18, 155–171, 2014
168 P. E. O’Connell and G. O’Donnell: Coupled human and natural system
change, offers exciting possibilities for developing the new
paradigm of socio-hydrology.
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